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Abstract
We studied the pressure exerted by hands during push-ups in 21 paraplegic and 2 tetraplegic
patients employing 4 different hand positions. In the fingers-spread position, the initial force ex-
erted was a vertical force (Fz), followed by a medio-lateral force (Fy) and then an antero-posterior
force (Fx). In the other 3 positions, the order of force type exertion was Fz, Fx, and then Fy. All
subjects with neurological injury levels above T4 and subjects between T5 and T10 without spinal
instrumentation could not push themselves up in the fingers-spread position. The fact that Fy is
initiated before Fx in the fingers-spread position indicates that lateral balancing of the trunk is
critical in this position, thus explaining why subjects without spinal instrumentation with neuro-
logical injury at a level higher than T10 could not control their spinal columns while performing
push-ups. In contrast, antero-posterior balancing takes priority in the other hand positions. We
believe that spinal instrumentation helps balance the trunk in the lateral direction, converting the
thoracic spine into a rigid body in subjects with neurological injury at levels above T10.
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KinesiologicalStudyofthePush-upMotionin
SpinalCordInjuryPatients:InvolvingMeasurementof
HandPressureAppliedtoaForcePlate
YasuhiroKotani??andAkihiroTokuhiro?
?DepartmentofOrthopedicSurgery,OkayamaUniversityMedicalSchool,Okayama700-8558,and
?KibikogenRehabilitationCenterforEmploymentInjuries,Okayama716-1241,Japan
Westudiedthepressureexertedbyhandsduringpush-upsin21paraplegicand2tetraplegicpatients
employing4di?erenthandpositions.Intheﬁngers-spreadposition,theinitialforceexertedwasa
verticalforce(Fz),folowedbyamedio-lateralforce(Fy)andthenanantero-posteriorforce(Fx).
Intheother3positions,theorderofforcetypeexertionwasFz,Fx,andthenFy.Alsubjectswith
neurologicalinjurylevelsaboveT4andsubjectsbetweenT5andT10withoutspinalinstrumentation
couldnotpushthemselvesupintheﬁngers-spreadposition.ThefactthatFyisinitiatedbeforeFx
intheﬁngers-spreadpositionindicatesthatlateralbalancingofthetrunkiscriticalinthisposition,
thusexplainingwhysubjectswithoutspinalinstrumentationwithneurologicalinjuryatalevel
higherthanT10couldnotcontroltheirspinalcolumnswhileperformingpush-ups.Incontrast,
antero-posteriorbalancingtakespriorityintheotherhandpositions.Webelievethatspinal
instrumentationhelpsbalancethetrunkinthelateraldirection,convertingthethoracicspineinto
arigidbodyinsubjectswithneurologicalinjuryatlevelsaboveT10.
Keywords:spinal-cord-injury,rehabilitation,kinesiology,push-up,ﬂoorreactionforce
T heseatedpositionpush-upmotionconsistsofthefolowingactions;liftingthebodyfromtheﬂoor
orseatbyextendingtheelbowsfromaﬂexedposition,
maintainingtheelbowsinfulextension,andthenlower-
ingthebodysmoothlydowntotheﬂoororseatbyﬂexing
theelbows.
Thesemovementsareessentialtopatientswithspinal
cordinjury(SCI)whohavelosttheirlowerextremity
functionsduetoparalysis［1］.Forexample,push-ups
arenecessaryforthepreventionofpressuresoresand
alsoformovementfromoneplacetoanother(wheelchair
tocarandsoon)［1］.Ifsuchactivitiescannotbe
performed,thepatientcannotachieveanindependentlife
style.
Despitetheimportanceofpush-upsfortheactivitiesof
dailylife(ADL),therehavebeenfewkinesiological
studiesofthisseriesofmotions［2,3］.Wetraditionaly
use4di?erenthandpositionsinexercisesforSCI
patients:1)push-upswithapush-updevicewhichpro-
videsastronggripintendedmainlyforexercise;2)
push-upswiththehandinaclenched(ﬁst)position,which
hastheadvantageofelongatingthedistancefromtheﬂoor
totheshoulder;3)push-upswithaﬂat(palm),providing
stableweightsupport;and4)push-upsinaspread-ﬁnger
positiontogainmoredistancethanisachievableintheﬁst
position.However,weoftenencounterSCIpatientswho
cannotperform push-upsusingthelessstablehand
positions.Usingaforceplate,weinvestigatedthe
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pressuresexertedbyhandsofpatientsdoingpush-ups;
theabilitytobalancedependeduponthelocationofspinal
injury.
SubjectsandMethods
Twentyoneparaplegicand2tetraplegicpatientswere
studied.Theneurologicallevelofparalysiswasdeter-
minedaccordingtotheASIAinternationalstandard［4］.
Subjects’agesrangedfrom19to51years(31.4±6.3),
theirheightrangedfrom152to183cm(169.0±7.2)and
theirweightrangedfrom41to86kg(57.4±9.1)(Table
1).Alsubjectsrequiredwheelchairsforlocomotionand
alwereabletotransferthemselvestoandfromtheir
wheelchairswithoutassistance.
Thepressuresexertedbypatients’handswhiledoing
push-upsweremeasuredwithaforceplate.Theappara-
tuswasoriginalymadeforgaitanalysisandconsistedof
amatrixsystem(AnimaCo.Ltd.,Tokyo,Japan).2
box-shaped,steel-framedplatform atachmentswere
designedtoaugmentthegaitsystem.Theplatformswere
setontotheforceplate［5］.
Thesubjectsatonarack,andtheischialtuberosities
ofeachsubjectweresetonthesamepositionsontherack.
Theirlegsandbutockswereplacedjustoutsidetheforce
plates(Fig.1).Thesubjectscarriedoutpush-upswith
theirhandsinthefolowingpositions:ﬁst,spread-ﬁnger,
andpalm,andbyusingthepush-updevicesﬁrmlyata-
chedtotheplatforms(Fig.2).Theforceplatemeasured
reactionsexertedagainsttheﬂoorin3dimensionswhile
thesubjectspushedtheirbodiesawayfromtheﬂoor.
Apairofelectrogoniometerswasatachedtoeach
subject’selbowandwristjointsforthemeasurementof
angulardeviationofeachjoint.Theﬂexionandextension
oftheelbowjointsweremeasured,andthepalmarﬂexion
anddorsalﬂexionofthewristjointsweremeasured.The
electrogoniometerwasmadeofaﬂexiblesteelplateon
which4straingaugeswereatached.AWheatstone’s
bridgewasassembledfromthe4straingauges.Whenthe
steelplatewasﬂexed,theelectriccurrentobtainedwasin
directproportiontotheangulardeviationofthejoint(Fig.
3).Datafromtheforceplateandelectrogoniometerswere
Kotanietal. ActaMed.Okayama Vol.56,No.276
Table1 Subjectproﬁles
No.ofsubject Age&sex Bodyweight(kg)
Height
(cm)
Neurological
level
Impairment
scale Etiology
Finger
push-up
Spinal
instrumentation
1 40M 77 181 C7 C Trauma X X
2 37F 41 162 C8 A Trauma X X
3 34M 86 183 T4 A Trauma X X
4 32M 50 160 T4 A Trauma X O
5 33M 63 171 T4 A Trauma X X
6 19M 57 172 T5 A Trauma O O
7 41M 49 180 T5 A Trauma X X
8 20F 63 152 T7 A Disease X X
9 29M 53 178 T8 A Trauma X X
10 46M 67 162 T8 A Trauma O O
11 21F 51 157 T8 A Trauma O O
12 28M 59 163 T9 A Trauma X X
13 24M 47 170 T9 A Trauma O O
14 31M 47 170 T10 A Trauma X X
15 31M 75 168 T10 A Trauma O O
16 24M 52 168 T11 A Trauma O O
17 51M 62 160 T11 A Trauma O O
18 21M 47 176 T11 A Trauma O X
19 30M 56 183 T11 A Trauma O O
20 30M 56 169 T12 A Trauma O O
21 34M 48 160 T12 A Trauma O X
22 39M 46 164 T12 A Trauma O O
23 28M 69 178 L3 A Trauma O O
Fingerpush-up:o,subjectwasabletoperformpush-up;x,subjectwasunabletoperformpush-up.Spinalinstrumentation:o,subjecthad
undergonespinalinstrumentation;x,subjecthadnotundergonespinalinstrumentation.
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A B C D
Fig.2 FourhandpositionstypicalyusedinexercisesforSCIpatients.
A,Push-updevice;B,Fist;C,Finger;D,Palm.
Fig.1 Theforcemeasuringsystemusedinthisstudy.
A B
Fig.3 A,Electrogoniometer,towhich4straingauges(R1-R4)wereinstaled.B,Wheatstone’sbridgecircuit.
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recordedsimultaneouslyonapolygraph.
Thesubjectswereaskedtoextendtheirelbowsfor1
sec,andtomaintaintheirelbowsinthisextendedposition
inordertokeeptheirbodieselevatedfor1sec;Then
subjectwereaskedtoﬂextheirelbowsinordertolower
theirbodiesandreturntothestartingposition.A
metronomecontroledthetimingofthesemotionsas
preciselyaspossible.
Results
Alpatientswereabletoperformpush-upsintheﬁst
andpalmpositions,andbyusingthepush-updevices.
Fivepatientswhoseneurologicalinjurylevelswereator
aboveT4couldnotperformpush-upsinthespread-ﬁnger
position.Eightpatientswhoseneurologicalinjurylevels
wereatorbelowT11wereabletoperformpush-upsin
thespread-ﬁngerposition.However,5ofthe10patients
whoseneurologicalinjurylevelswerebetweenT5and
T10couldnotperformpush-upsinthespread-ﬁnger
position.Theselaterpatientshadnospinalinstrumenta-
tion(Table1).
Noessentialdi?erencesinpressureexertedagainstthe
ﬂoororangulardeviationoftheelbowandwristjoints
wereobservedamongthe3handpositionsandthe
push-updevice(Fig.4).Eachcomponentofobserved
pressurewasdividedbythesubject’sbodyweight,in
ordertomakethesecomponentsindependentofthe
subject’sbodyweight.Thepressuresexertedbythe
handsontheforceplatewereclassiﬁedasantero-posterior
(AP)force(Fx),medio-lateral(ML)force(Fy),and
verticalforce(Fz).Inalcases,Fzwasregisteredbefore
theinitialreadingsforFxandFy.Similarly,Fz
continuedafterthecessationofFxandFyinalcases
(Fig.5).Accordingtotheangulardeviationoftheelbow,
thepush-upmotionwasdividedintothefolowing3
phases:theﬁrstphasewascomprisedofextension,
whichcorrespondedtotheascendingFz;thesecond
phaseincludedwhenelbowextensionwasmaintained,and
correspondedtostaticFz,andthethirdphaseincluded
ﬂexion,whichcorrespondedtoadescendingFz(Fig.6).
Inthepalmposition,Fxhadalargeramplitudethanitdid
intheotherhandpositions.Intheﬁngerposition,there
werenoremarkableﬁndings.Intheﬁstposition,aslow
FzonsetandlowFyamplitudewereregistered.Byusing
thepush-updevice,Fzproducedasharp,straightlinein
theascendinganddescendingphases;relativelylow
amplitudewavesofFywereobservedintheascending
Fig.4 Handpressureandangulardeviationoftheelbowandwristjoints,asmeasuredduringpush-upswithpush-updevices.Fx,
Anteroposterior(AP)force(rightside);Fy,Mediolateral(ML)force(rightside);Fz,Verticalforce(rightside).Fx,Fy,Fzandangular
deviation:horizontalaxisindicatesthepercentageofapush-upcycle.
Kotanietal. ActaMed.Okayama Vol.56,No.278
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anddescendingphases,andlow Fxoscilationwas
observedthroughoutalofthephases(Fig.7).
Fx(theAPcomponent)didnotshowadeﬁnite
patern.IntheFxcurve,theanteriorcomponentand
posteriorcomponentappeared to alternate. These
ﬁndingswereobservedinthecaseofal4push-up
techniques.
Fy(theMLcomponent)alwaysshowedmedialforce
inthe4positions.However,theamplitudeofthemedial
componentvarieddependingonthesubject’sposition.
Thegreatestmedialcomponentwasobservedwhenthe
subjectassumedthepalmposition,thenextgreatestwas
observedwiththepush-updevice,andthenwiththe
ﬁngerposition.Thesmalestmedialcomponentwas
observedwhenthesubjectassumedtheﬁstposition.
Fz(verticalforce)revealedatrapezoidalshapewhen
thesubjectassumedthe4handpositions.Arisingcurve
correspondedwiththeperiodwhenthebodywaslifted;
theuppersideofthetrapezoidcorrespondedwiththe
maintenancephase.Inaddition,theuppersideofthe
trapezoidshowed2curvepaterns,namely,horizontal
andconvex.Bothcurvesdemonstratedaﬁnezigzag
wave.Thehorizontallinewasobservedmainlyinthe
patientswhoseparalysislevelwaslowerthanT11.There
werenodi?erencesamongthe4handpositionscurves
obtainedduringthemaintenancephase.
Asregardsangulardeviationsoftheelbow,the
angulardeviationcurveshowedalmostthesamepatern,
i.e.,atrapezoidalcurve.However,adi?erenceinampli-
tudewasobservedamongthe4handpositions.The
paternsareshowninTable2.
Asregardsourstudyoftheangulardeviationsofthe
wrist,Table3givesthestartingangle,directionof
Fig.6 Fz(verticalcomponent)andangulardeviationoftheelbow.
Onecycleconsistsof3phases,i.e.,ascending,maintenance,and
descendingphases.
Fig.5 ThestartingandendingpointsofFx,Fy,andFzinmeasuredhandpositions.
79Push-upMotioninSpinalCordInjuryPatientsApril2002
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motion,maintenanceangle,andrangeofmotion.
Discussion
WhenSCIpatientsperformapush-up,thebodyis
supportedbybotharms.Somebalancingskilsare
requiredinsuchcaseinordertocontrolthebody’scenter
ofgravity.Thepressuredatarecordedbyaforceplate
reﬂectthebody’satemptstobalanceitself.Withsucha
forceplate,FxrepresentsanAPshiftofthecenterof
gravity,FyrepresentsMLshift,andFzrepresents
verticalshift.
IkawaandTokuhiro［6］reportedregularitiesin
startinganddisappearingpointsofeachﬂoorreaction
Fig.7 Typicalhandpressurepaternandangulardeviationoftheelbowandwristjointsduringpush-upsinthe4handpositions.
Table2 Theangulardeviationofelbows
Elbowangle
(degree)
Handpositions
Palm Finger Fist Push-updevice
Startingangle 23.9 32.9 37.9 69.1
Angleduringthe
maintenancephase 9.4 11.3 16.1 19.9
Rangeofmotion 14.5 21.6 21.8 49.2
Table3 Theangulardeviationofthewrists
Elbowangle
(degree)
Handpositions
Palm Finger Fist Push-updevice
Startingangle 64.5 23.7 －6.6 29.6
Angleduringthe
maintenancephase 69.9 28.3
－1.2 40.9
Rangeofmotion 5.4 4.6 5.4 11.3
Kotanietal. ActaMed.Okayama Vol.56,No.280
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correspondingtoahandpositionduringpush-upexercise
inhealthysubjects;theyconcludedthatineachcase,the
requiredbalancingskilwasalteredbyhandposition.In
ourstudyofSCIpatients,wefoundthattheorderof
forcesexertedwasnotthesameintheﬁngerpositionas
intheotherpositions,i.e.,Fzwasinitiatedﬁrst,then
Fy,folowedbyFx(Fig.5).
Threefactorsdeterminetheclearanceunderthe
butockgainedbypush-upmovements.Theﬁrstfactoris
theextensionoftheelbows,thesecondisthedownward
pulofthescapulasandthethirdistheanteriorrotation
oftheuppertrunk,whichinvolvesusingtheshouldersas
fulcrumsandsupportingtheweightofthebodyonboth
hands.Theﬁrstelementdependsonthepowerofthe
tricepsbrachi,theseconddependsonthepowerofthe
shouldergirdlemuscles,inparticular,thepectoralis
major,serratusanterior,andlatissimusdorsi［1,2,7］.
ThesemusclesareinnervatedbytheC6-C8nerveroots
andinourstudywereparalyzedinonlyoneofthepatients
weexamined(whoseparalysislevelwasC7).Thethird
factorinvolvedthebalancingofthetrunkontheupper
extremities.Theabilitytoperformsuchbalancingtasks
dependsontheresidualmusclepowerofthetrunk,i.e.,
ontheabdominalmusclesandparavertebralmuscles.The
extentofthisresidualmusclepowerdependsonthelevel
ofparalysis.Patientswithhighthoraciclevelparalysis
maintaintheirbalancebyengagingtheunparalyzed
musclesintheanteriorchestaswelastheupperthoracic
paravertebralmuscles.Suchpatientskeeptheirspinesin
theanatomicalystablekyphosisposition.Atthesame
time,thepelvistiltsposteriorlyduetothesamemecha-
nisms［8］.
Inpatientswithmid-thoraciclevelparalysis,theupper
portionsoftheparavertebralmusclesandtheabdominal
musclesremainvital;duringapush-up,thespinalcol-
umndisplaysthenormalphysiologicalcurve.Thebalanc-
ingofthetrunkiseasierforthesepatients,althoughthey
expende?orttocontroltheparalyzedregionsoftheir
bodiesbelowtheirpelvis.Thepatientswithlowertho-
racicorlumbarlevelparalysishaveevenmoreabilityto
controltheirspinalcolumnandpelvis.Thus,forthese
patients,balancingthetrunkduringapush-upismuch
easierthanitisfortheothergroupsofpatients［8］.
Intheinitialstageoftherehabilitationofpeoplewith
SCI,weemployedapush-updevice(Fig.2).Tousethe
device,patientsgripthebarwiththeirwristsinthe
dorsiﬂexed position, which provides the most
kinesiologicalystableandpowerfulgrip.Easeofbalance
isdepictedbythelinesofFz,thelowamplitudewaveof
Fy,andthelowoscilationofFx(Fig.7).
SCIpatientsoftenusethepalmpositiontoperform
normaldailyactivitiessuchaswhentheymovefroma
wheelchairtoabed,fromawheelchairtoabathtub,or
fromawheelchairtoacar.Thishandpositionisstable
duetothewidesurfaceareaofthepalmthato?ers
support.Toliftthebutockshigher,patientswilplace
theirhandsmoreanteriorly,andwilalsorotatetheupper
trunkanteriorly.ThelargeamplitudeofFxintheascend-
ingphaseindicatesthisaction(Fig.7).
Theﬁstpositionisadvantageousingainingclearance
underthebutocksbecausethedistancebetweentheﬂoor
andtheshoulderistherebylengthened.However,inthis
position,thepush-upmotionbecomesunstable,asthe
weightissupportedonthebasalphalangesofbothﬁsts;
thus,thewristjointsarerequiredtobekeptinaneutral
orslightlypalmerﬂexedposition,whichismoreunstable
thanboththepalmpositionandtheuseofapush-up
device.Tokeeptheweight-supportingareaaswideas
possible,therelationshipbetweentheﬂoorandthehand
mustbeﬁxedandtheﬁstmustbesetadjacenttothebody.
Inthisposition,theﬂexorsofthewristandﬁngersare
alreadytensedtomaintaintheﬁst.Theythereforehave
litleremainingpowertopushagainsttheﬂoor,unlike
whenthesubjectisinthepalmposition.Thisscenariois
reﬂectedbytheslowonsetofFzinthisposition.The
directionofthepush-upinthispositionappearstobe
moreperpendicularthanintheotherhandpositions.The
lowamplitudeofFyofthispositionmayalsoreﬂectthis
tendency(Fig.7).
NotalSCIpatientscanperformthepush-upmotion
inthespread-ﬁngerposition.Thispositionrequires
simultaneouscontractionofthewristandﬁngerﬂexors
andextensors.Thispositionismaintainedbytheanatom-
icalextensioncheckmechanismandbycontractionofthe
ﬁngerandthumbﬂexors.Inthisposition,theweight
bearingsurfacesarelimitedtomerelythenarrowareasof
theﬁngertips.Therefore,push-upsinthespread-ﬁnger
positionrequiresigniﬁcantmusclepowerandbalancing
ability.
Inthisstudy,alsubjectswithparalysisfromlevels
C7toT4wereunabletoperformpush-upsintheﬁnger
position.ThesubjectwithaneurologicallevelofC7had
muscleweaknessintheextensordigitorumcommunis,
extensorpolicislongus,ﬂexordigitorum profundus
(FDP)andﬂexorpolicislongus(FPL).Alofthe
intrinsicmusclesinthissubject’shandswereparalyzed.
81Push-upMotioninSpinalCordInjuryPatientsApril2002
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ThesubjectwithaneurologicallevelofC8hadpoor
FDP,traceFPL,andparalyzedintrinsicmuscles.
Theselevelsofinjuryexplainthedi?cultyofmaintaining
ﬁngerstabilityintheﬁngerposition.
The3subjectswithT4-levelparalysishadsu?ciently
strongmusclesintheirhandsandforearms.Theyalso
hadintactnerverootsatsitesaboveT1.Furthermore,
theirshouldergirdlemuscles(pectoralismajor,serratus
anterior,andlatissimusdorsi)werenotparalyzed.To
supporttheirbodieswiththeirarms,theyplacedtheir
centerofgravityataninitialyhighlevelandthenmoved
itanteriorly.Thisrequiredlateralbalancingofthebody,
especialyintheearlystageoftheascendingphaseinthe
unstableﬁngerposition.APbalancingtookpriorityinthe
otherhandpositions,whichwasreﬂectedbythefactthat
FywasinitiatedpriortoFxintheﬁngerposition(Fig.5).
Generaly,paralysisoftrunkmusclesrendersthe
spinalcolumnlimpanduncontrolable,regardlessof
strongarmandshouldergirdlemuscles.Inpatientswith
levelsofparalysisbetweenT1andT4,webelievethat
MLbalancingmaybecomecriticalinpush-upsperformed
intheﬁngerposition.
Theonlysubjectswithlongspinalinstrumentation
(Harringtonrods［9,10］orLuquerod-segmentalwire
ﬁxation［11］)whocouldperformpush-upsintheﬁnger
positionhadparalysislevelsbetweenT5andT10.No
statisticaldi?erencewasfoundaccordingtoage,body
weight,orheightbetweenthesubjectswhocouldperform
push-upsandthosewhocouldnot.Althoughtherehas
beensomecontroversyregardingtheadvantages［12-14］
anddisadvantages［15-18］ofspinalﬁxation,thepresent
resultsindicatethatspinalinstrumentationsti?ensthe
spinalcolumnandaidsMLbalancingoftheparalyzed
trunk.Moreover,suchinstrumentationalowsthecenter
ofgravitytobeliftedhigherandthenshiftedtoan
anteriorpositionwithlateralstability.Basedonthefact
thatalofthesubjectswithparalysislevelsbelowT11
couldperformﬁngerpush-ups,weconcludedthatthe
musclesabovetheT11levelplaysomeroleinstabilizing
thespinalcolumnandpreventinglateralshiftsofthe
centerofgravity.
Untilnow,push-upexerciseshavebeenstudiedin4
handpositionswithoutconsiderationofneurologicallevel
andspinalbalancingintherehabilitationofSCIpatients.
Here,weconcludethateachpatienthasanappropriate
meansofperformingpush-ups,accordingtohis/herlevel
ofneurologicalinjury.
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